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Existence of an omni-directional photonic band gap in one-dimensional periodic
dielectric structures ∗
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It is shown that total reflection for all incident angles does not require a two- or three-dimensional
photonic crystal. We demonstrate that a one-dimensional photonic crystal can exhibit total omni-
directional reflection for any incident wave within some frequency region. The formation of the
omni-directional gap is discussed and a wide range of realistic fabrication parameters is proposed.
PACS numbers: 42.70.Qs, 68.65.+g, 41.20.Jb
Since the last decade the investigations of photonic
band gap materials [1], so-called photonic crystals, have
been attracting close attention due to the various opto-
electronics’ applications [2,3] that will revolutionize pho-
tonics. It is very important to design and fabricate artifi-
cial microstructures possessing an absolute and complete
three-dimensional (3D) photonic band gap, i.e., struc-
tures forbidding electromagnetic wave propagation for
all polarizations and directions. One of the promising
properties of such a structure is that a thick stack of fi-
nite thickness behaves as a photonic insulator exhibiting
total omni-directional reflection within some frequency
region. For the moment most of the efforts are related
to synthesis of 2D and 3D periodic structures [4] and the
applications are restricted by technological difficulties.
In this Letter, we report that total omni-directional
reflection can be obtained with a one-dimensional (1D)
photonic crystal [5]. The high reflectivity of 1D peri-
odic structures (so-called reflective dielectric coatings) is
a well-known phenomenon that has been studied for a
long time [3,6,7]. However, to our knowledge, the re-
quired conditions to obtain total reflection for a wide
range of incident angles have not yet been reported. The
1D periodic structures are much easier to fabricate than
2D and 3D ones. Therefore, the existence of total omni-
directional reflection from 1D systems permits to design
extremely cheap and effective photonic insulator, tuned
to the needed frequency by changing the period of the
structure.
For the present study, we focus on the simplest type
of 1D photonic crystal, which is a Bragg reflector, a pe-
riodic array of alternating layers with low, n1, and high,
n2, indices of refraction and the thicknesses d1 and d2,
respectively. The period of the structure is Λ = d1 + d2.
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The plane electromagnetic wave is considered to illumi-
nate the boundary of a semi-infinite photonic crystal un-
der the angle, α, from semi-infinite homogeneous medium
with refraction index, n. The photonic band structure for
a typical Bragg reflector with n1 = 1.4, n2 = 3.4 and a
filling factor η = d2/d1 = 1.0 is shown in the figures 1(a)
and 1(b) for TE and TM waves, respectively. The band
structure has been calculated using the analytical form
of the dispersion equation derived for an infinite medium
(see e.g. [7]). It is important to note that infinite and
semi-infinite photonic crystals have the same band struc-
ture [8], the only difference is the existence of surface
modes in the case of semi-infinite structure. The main
feature of all 1D photonic crystals is that although for-
bidden gaps exist for most given values of the tangential
component of the wave vector (k⊥), there is not an ab-
solute nor complete photonic band gap if all possible val-
ues of the tangential component of the wave vector are
considered [3,7] (Fig. 1). However, when a plane wave
with the wave vector |k| = nω/c illuminates a 1D semi-
infinite photonic crystal, the tangential component of the
wave vector remains constant throughout the crystal and
equals to |k⊥| = (nω/c) sinα. Here, ω is the frequency
and c is the speed of light in vacuum. The tangential
component of the wave vector lies between zero for nor-
mal incidence (α = 0◦) and nω/c for grazing incidence
(α = 90◦). Therefore, only values of the tangential com-
ponent of the wave vector, which are inside the range,
need to be considered. For this limited range (the shaded
area on the wave vector axis, Fig. 1), there is the fre-
quency region (the shaded area on the frequency axis,
Fig. 1) which is completely inside the forbidden gaps of
the photonic crystal both for TE and TM polarizations.
No propagating mode are allowed in the photonic crys-
tal for any propagating mode in the ambient medium
within this frequency region. Therefore, the total reflec-
tion occurs for any incident angle and omni-directional
photonic band gaps (PBGs) are formed for TE and TM
polarizations. A band of surface modes lies below the
1
line ω = c |k⊥| /n sinα [3] and thus surface modes do not
affect the external reflectivity.
The upper edge of omni-directional PBGs corresponds
to the upper edge of the forbidden gap at normal inci-
dence. The lower edge is defined by the intersection of the
line ω = c |k⊥| /n with the upper edge of the correspond-
ing dielectric band. In general, the degeneracy between
polarizations is lost for off-axis propagation (|k⊥| 6= 0)
and the lower edges of the omni-directional PBGs do not
coincide for the two fundamental polarizations. How-
ever, an absolute omni-directional PBG is formed due to
the overlap of the gaps for TE and TM polarizations.
For given parameters of the Bragg reflector, the refrac-
tion index of an ambient medium may be used to control
the width of omni-directional PBGs. Whenas one in-
creases the refraction index, the lower edge of the gaps
shifts towards a higher frequency and the gaps width
decreases. The maximum width is obtained for n = 1
(the solid lines in figure 1). Omni-directional PBGs are
closed up for nmax = c |k⊥(ωh)| /ωh, where ωh is the
upper edge of the gaps and |k⊥(ωh)| corresponds to the
allowed mode of the photonic crystal for the frequency
ωh (the dashed lines in figure 1). Due to the Brewster
effect on the n2−n1 boundary, TM forbidden gaps shrink
to zero when ω = c |k⊥| /n2 sinαB [Fig. 1(b)], where αB
is the Brewster angle. Thus, the omni-directional PBG
is always narrower and is closed up for a smaller refrac-
tion index of the ambient medium for TM polarization
than for TE one. To have an absolute omni-directional
PBG, an omni-directional PBG must be opened both for
TE and TM polarization, that means that the refraction
index of the ambient medium must be less than the re-
fraction index corresponding to the Brewster angle αB
(n < n2 sinαB). In figure 2 the maximum refraction in-
dex of the ambient medium, for which the absolute gap
is closed up, is presented as a function of the index ra-
tio δn = n2/n1 for various values of a smaller refraction
index n1 and a fixed filling factor η = 1.
The filling factor η optimizes the gap to midgap ratio
∆ω/ω0 of an absolute omni-directional PBG with respect
to the given refraction indices of the layers constituting
1D photonic crystal. Here ∆ω is the width of the ab-
solute gap and ω0 is the midgap frequency. We present
the set of contour plots (Fig. 3-5) which provides the full
information about an absolute omni-directional PBG for
given parameters of the Bragg reflector. An optimal fill-
ing factor and corresponding midgap frequency are shown
in figures 3 and 4, respectively, as a functions of the in-
dex ratio δn for different index ratios δn0 = n1/n, which
is the ratio of smaller refraction index to the refraction
index of the ambient medium. The dashed curve in fig-
ure 3 corresponds to the filling factor of a quarter-wave
stack, which is ηλ/4 = 1/δn. Within a given parameter
range a quarter-wave stack is not an optimal configura-
tion to reach a maximum gap to midgap ratio for the
absolute omni-directional PBG. In figure 5 the optimal
gap to midgap ratio is depicted as a function of the index
ratio δn for different index ratios δn0. A wide absolute
omni-directional PBG exists for reasonable values of both
δn and δn0. To obtain, for example, an omni-directional
gap with a gap to midgap ratio bigger than 5% the index
ratios should be bigger than 1.5 (δn > 1.5, δn0 > 1.5). A
decrease of one of the index ratios is partially compen-
sated by an increase of the other one.
For example, for a structure with n = 1, n1 = 1.4 and
n2 = 3.4 an absolute omni-directional PBG is centered
at the normalized frequency ωΛ/2pic = 0.287 with an
optimal filling factor ηopt = 0.402. The gap to midgap
ration is about 24.5%. The calculated transmission spec-
tra for such a structure with 10 periods are shown in
the figure 6 for several angles of incidence α. For calcu-
lations of the spectra we used the characteristic matrix
method [6]. The transmission decreases exponentially
inside the gaps with the thickness of the structure. For
any given incident angle, the transmission spectra have
clear stopbands both for TE and TM polarizations. The
midgap frequency shifts to higher frequencies with the
incident angle relatively to the midgap frequency corre-
sponding to normal incidence, meanwhile the gaps widths
are big enough to possess a sizable intersection of the
stopbands at different angle. In the figure 7 the trans-
mission behavior for two structures with 5 and 10 periods
is shown against the incident angle for midgap frequency
of the absolute omni-directional gap. For TM polariza-
tion (dashed curves) there is attenuation minimum near
the angle α = 85◦ due to the Brewster effect on the first
boundary of the stack. For the structure with 10 periods,
the minimum over-all obtainable transmission is −40 dB.
This attenuation is large enough to be used in optical
devices. To obtain an absolute omni-directional gap cen-
tered at the radiation wavelength λ = 0.60µm, one needs
a period of the structure of about 0.172µm for the consid-
ered parameters. The technological success in thin-film
preparation is great enough to fabricate photonic insu-
lators with operating range centered at frequencies from
the microwave to the ultraviolet regime.
In conclusion, we have demonstrated the existence
of absolute omni-directional photonic band gap in one-
dimensional periodic dielectric structures. The evolution
of the gap characteristics versus a comprehensive set of
the structure parameters have been presented. We have
found that for reasonable values of structure parameters
(δn > 1.5, δn0 > 1.5) a relatively large omni-directional
gap (> 5%) may be obtain, making the fabrication of
robust photonic insulators feasible. It has been shown
that a small number of layers is enough to produce a suf-
ficient attenuation. As a main conclusion we point-out
that in the state of the art of thin-film technologies the
fabrication of photonic insulator exhibiting total omni-
directional external reflectivity within certain frequency
region is realistic on the base of one-dimensional periodic
structures. Recently, the predictions have been verified
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experimentally and good agreement with theory has been
obtained. The experimental aspects of the problem will
be the subject of forthcoming paper [9].
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FIG. 1. Photonic band structure of a typical Bragg reflec-
tor for TE (a) and TM (b) polarizations. The frequency and
the tangential component of the wave vector are defined to
be normalized as ωΛ/2pic and |k⊥|Λ/2pi, respectively. Here,
n1 = 1.4, n2 = 3.4 and η = 1.0.
FIG. 2. Maximum refraction index of the ambient medium,
for which an absolute gap is closed up, as a function of the
index ratio δn = n2/n1 for different smaller indices n1 and
fixed filling factor η = 1. The dashed curve is for refraction
index corresponding to the Brewster angle αB on the n2 −n1
boundary (nmax = n2 sinαB).
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FIG. 3. Optimal filling factor ηopt versus the index ratio δn
for different index ratios δn0. The dashed curve corresponds
to the filling factor of a quarter-wave stack.
FIG. 4. Midgap frequency ω0 versus the index ratio δn for
different index ratios δn0 for optimal filling factor ηopt.
FIG. 5. Gap to midgap ratio ∆ω/ω0 versus the index ratio
δn for different index ratios δn0 for optimal filling factor ηopt.
FIG. 6. Transmission spectra for several incident angles,
α = 0◦, 30◦, 60◦, 89◦. The solid (dashed) curves are for TE
(TM) polarization. The vertical lines on each spectrum indi-
cate an absolute omni-directional photonic band gap. Here,
n = 1, n1 = 1.4, n2 = 3.4 and ηopt = 0.402. The number of
periods is 10.
FIG. 7. Attenuation versus the incident angle for 5 and 10
periods. The solid (dashed) curves are for TE (TM) polar-
ization. Here, n = 1, n1 = 1.4, n2 = 3.4, ηopt = 0.402 and
ωΛ/2pic = 0.287.
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